Purpose: To experimentally test whether chronic sleep restriction, which is common among adolescents, is causally related to poor learning, inattentive behaviors, and diminished arousal in a classroomlike situation. Methods: Sixteen healthy adolescents underwent a sleep manipulation that included, in counterbalanced order, five consecutive nights of sleep deprivation (6½ hours in bed) versus five nights of healthy sleep duration (10 hours in bed). At the end of each condition, participants viewed educational films and took related quizzes in a simulated classroom. Eight participants also underwent video and electroencephalography monitoring to assess levels of inattentive behaviors and arousal, respectively. Results: As compared with the healthy sleep condition, sleep-deprived participants had lower quiz scores (p ¼ .05), more inattentive behaviors (p < .05), and lower arousal (p ¼ .08).
Nearly half of U.S. adolescents sleep less than 7 hours each school night, far below the recommended 9 hours [1, 2] . Chronic sleep restriction has been correlated with neuropsychological and scholastic dysfunction, but correlations can have hidden confounds [2] . Experimental studies, such as those published on adults [3] , could provide complementary evidence of causality. However, experimental studies of adolescents have largely focused on sleepiness. We recently reported that experimental sleep restriction can affect parent and self-reported attention and metacognitive skills in adolescents [4] . That article focused on real-life outcomes, but the reporters were not blind to the experimental manipulation. In this study, we report objective findings from these adolescents who were asked to learn within a simulated classroom setting, some of whom underwent monitoring of their behaviors and level of tonic arousal (general level of cerebral activation [5] ). We hypothesized that, after five nights of restricted sleep, participants would learn less, be less attentive, and have lower arousal than after five nights of more optimal sleep duration.
Methods
The experimental sleep protocol and sample are detailed elsewhere [4] and were approved by the local Institutional Review Board. Twenty 13.9-16.9-year-old participants were recruited through mass e-mail and screened through parent-report for sleep disorders (in part using the Child Sleep Habits Questionnaire [6] ); a history of neurological illness or injury; and current illness, injury, or medication known to affect sleep or daytime functioning. Throughout the 3-week experiment, prescribed wake time was held constant at the time each participant reported that they would need to arise to attend an 8:30 A.M. meeting. During the baseline week, participants self-selected their bedtimes. During the next 2 weeks, bedtimes were modified to create two conditions (order counterbalanced): sleep deprivation (SD; Monday-Friday nights limited to 6.5 hours in bed) and healthy duration (HD; 10 hours in bed Monday-Friday nights). Saturday and Sunday nights were ''washout'' periods, during which bedtime was participant-selected. Participants slept at home, and were monitored through actigraphy and sleep diary. Participants also used a daily diary to record caffeine intake and napping, though both were quite limited [4] . Participants were reimbursed $50 weekly.
Between 09:00 and 11:30 on the Saturday mornings at the end of each experimental week, participants were assessed in a simulated classroom analogous to that used in younger children to assess attention [7] . Participants were seated behind a table and viewed 30-minute educational films presented on a 19-inch television approximately 6 feet away. The two films, presented one per week in counterbalanced order, were selected from The Western Tradition series (Annenberg Foundation, Washington, DC) based on their developmentally appropriate content. Afterward, participants completed related 12-item multiple-choice quizzes. Twelve participants experienced the simulated classroom in groups of 2-3, whereas eight did so individually while undergoing video and electroencephalography (EEG) monitoring. A limited montage of EEG leads was secured to the scalps of these eight participants before the films. During the films, video of each participant was recorded, and linked EEG data were amplified and digitized at a rate of 256 data points per second (Hz).
There were three primary outcomes. Quiz performance was computed as the number of items correct. The two quizzes correlated moderately, r ¼ .53, and had equivalent means and variance within each condition. Inattentive behavior, operationalized as occurrences in which the participant looked away from the television for 3 consecutive seconds, was coded by a condition-blind rater in 30-second epochs. Secondarily, the rater coded sleepy behaviors, including yawning, eye rubbing, and eyes closed or head on the table for 3 consecutive seconds. Tonic arousal was operationalized by spectral power in the relatively slow theta range (4-7 Hz) in the C 3 /A 2 EEG channel commonly used while coding sleep/wake data. Spectral power was computed using Fourier transformation after manual screening for artifacts, with higher theta power reflecting lower arousal [5] , and log-transformed to approximate the Gaussian distribution.
Results and Discussion
Complete data were available for all eight participants who underwent video/EEG monitoring. Of the other 12, one dropped out and quiz data for three were lost because of examiner error, leaving n ¼ 16 for quiz scores. As shown in Table 1 , these subsets were similar to each other and showed excellent adherence to the sleep protocol.
A repeated-measures general linear model examined the effect of the sleep manipulation on quiz scores, using intelligence as a covariate. Intelligence was estimated from premanipulation scores on the Vocabulary and Block Design subtests from the Wechsler Intelligence Scale for Children [8] . Intelligence was associated with quiz scores, F(2,13) ¼ 3.7, p ¼ .05, but not inattentive behaviors or theta power, F(2,5) < 3.0, p > .10, so analyses for the latter were simplified to paired-sample t-tests In comparison with the HD condition, SD condition participants performed worse on the quizzes, F(2,15) ¼ 4.6, p ¼ .05, h p 2 ¼ .25, tended to have higher theta power, t(7) ¼ 1.5, p ¼ .08, d ¼ .53, and displayed more inattentive behaviors, t(7) ¼ 2.6, p < .05, 7.2 6 1.6 7.2 6 1.4 6.3 6 .3 6.1 6 .6 9.2 6 .5** 9.3 6 .7** * p < .005, ** p < .001 in planned contrasts (paired-sample t-tests) comparing the sleep deprivation and healthy sleep duration conditions. Participants averaged about 2½ hours more sleep per night (range, 1.6-3.2) in the HD condition than the in SD condition.
See Reference 4 for a detailed description of the collection of sleep data through actigraphy and sleep diary. Current results are intriguing, but preliminary. The small sample constrained statistical power and, although the simulated classroom yielded objective outcomes, our technique has not been previously validated and warrants psychometric attention. Even so, present findings may have implications for public policy. Studies of public policy changes, such as later school start times, have been quasi-experimental, had subjective outcome measures, and have not shown a clear effect on student learning [9] . The majority of the public still views adolescent sleep restriction as ''normal,'' and lay publications often reflect acceptance or even praise for adolescents who hold evening jobs or stay up late studying (e.g., [10] ). Our experimental findings add to the mounting evidence that, while chronic sleep restriction may be statistically typical for adolescents, it is neither healthy nor benign. Inattentive events were coded when the participant looked away from the video for at least 3 consecutive seconds. Detailed coding criteria for inattention and the other coded behaviors are available upon request.
